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Introduction
Determination of crystal chemistry conditions for the emergence of the soliton chiral magnetic lattice and search of compounds -potential magnetic solitons, for which these conditions are fulfilled, in the Inorganic Crystal Structure Database (ICSD, FIZ Karlsruhe, Germany) is very important from both fundamental and technological points of view.
It is generally accepted that in noncentrosymmetric crystals the chiral heliomagnetic structure is formed by relativistic spin-orbital Dzyaloshinskii-Moriya (DM) interaction [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] through selection of one of two helices (left-or right-handed). In the absence of DM interaction, the magnetic structure inevitably becomes achiral. So it turns out that the crystal structure has a modest role in this process, namely, elimination of the center of symmetry, because the DM interaction manifests itself only in noncentrosymmetric structures. However, there exist many noncentrosymmetric magnetic compounds, whereas chiral magnetic solitons are rather scarce. Therefore, the mentioned condition is necessary, but not sufficient for the chiral soliton formation.
For example, it was established that in the emergence of the chiral soliton in CsCuCl 3 [1, [13] [14] [15] ] the important role, aside from the DM interaction, belonged to helical __________________ *Corresponding author.
E-mail address: volkova@ich.dvo.ru (L.M. Volkova) chiral chains of magnetic ions of divalent copper originated from the Jan-Teller effect. At the same time, the emergence of the chiral magnetic soliton in the twodimensional intercalate Cr 1/3 NbS 2 [16] , in which magnetic ions of trivalent chromium form flat triangular lattices, is usually attributed to the relativistic effect of Dzyaloshinskii-Moriya. Possibly, the latter was the reason of the formed opinion about the existence of structurally and non-structurally originated solitons. On the other hand, from the practical point, the chiral magnet Cr 1/3 NbS 2 is the most interesting, since, as was found, it contained self-organized spin helices whose twist degree is controlled by the magnetic field [4, 17] . The latter opens exciting possibilities of using the molecular magnetism in creation of magnetically controlled chiral nanoobjects and devising the principally new three-dimensional memory devices on their basis [18] [19] [20] . That is why we selected the chiral magnet Cr 1/3 NbS 2 as a prototype for prediction and determined the role of structural factors in formation of the chiral magnetic soliton lattice [21] .
Based on determination of crystal chemistry solutions of the emergence of chiral magnetic soliton lattice in Cr 1/3 NbS 2 [21] and CsCuCl 3 [22] , we formulated crystal chemistry criteria for search of potential solitons, according to which their crystal structures must have, aside from the necessary absence of the symmetry center, two more important characteristics: first, the presence of chiral spin helices as the base of the soliton lattice and, second, these chiral magnetic helices must be dominating in the system and their competition with other interactions must promote the formation of superstructures with large periods. The formation of chiral spin helices is caused by the compound crystal structure in combination with magnetism.
Search of potential magnetic solitons on the basis of structural data is crucial to perform not only among the compounds having a quasi-one-dimensional crystal structure, since noncoincidence of crystal and magnetic structures comprises a rather widely spread phenomenon. The latter is related to the fact that the sign and strength of exchange magnetic interactions and, therefore, the dimensionality of magnetic structures are mainly determined by the size of magnetic and intermediate ions and the geometry of location of intermediate ions in the local space between magnetic ones. Here, a good example is the presence of a quasi-one-dimensional magnetic structure formed of chiral helices stretched along the с axis as in layered Cr 1/3 NbS 2 as in chain CsCuCl 3 compounds.
The objective of the present work was to find in the ICSD database potential solitons similar to those of Cr 1/3 NbS 2 and suggest them for the experimental study of the spin structure in a magnetic field.
Materials and methods

Search of chiral magnetic solitons
The search of potential chiral magnetic solitons was performed in the ICSD database among magnetic compounds crystallizing in the same noncentrosymmetric hexagonal space group P6 3 22 as Cr 1/3 NbS 2 . To determine characteristics of magnetic interactions, we used the developed earlier [23, 24] phenomenological crystal chemistry method and the 'MagInter' program created on its basis. We calculated the sign and strength of magnetic interactions not only between nearest neighbors, but also for longer-range neighbors in 20 magnetic compounds selected from the crystal chemistry point. These compounds had different compositions and structural types. As the initial data for calculations, we used crystallographic parameters and atomic coordinates of crystal structures stored in cif-files and ionic radii of atoms determined in [25] , except the radius of the carbon atom in sp 2 -hybridization in formate ligands (HCOO -), for which the covalent radius (r = 0.73 Å) was taken from [26] .
According to our calculations, only 5 among the examined compounds contain dominating chiral antiferromagnetic (AFM) helices and magnetic structures of these compounds are similar to that of Cr 1 3 (data for ICSD 181923 [29] were calculated. Table 1 shows the results of these calculations only for 8 samples from [28, 29] (the remained data are about the same as those shown) and respective parameters of the soliton Cr 1/3 NbS 2 (at low temperatures) from [21] for comparison.
In the P6 3 22 phase, the multiplicity of magnetic couplings J1 1 , J1 2 , J2, J3, and J4 is equal to 6, for J5 and J6 couplings -to 12, and for J c couplings -to 2. At the transition from P6 3 22 to P6 3 , each of the groups of J1 1 -J4 couplings is split according to symmetry elements into 3, in case of J5 and J6 couplings -into 6 subgroups with multiplicity equal to 2. In all these groups/subgroups (except J6), magnetic couplings are crystallographic and magnetic equivalents, while each of J6 groups (subgroups) is additionally split, despite symmetry elements, into two groups of J6 and J6' couplings (their magnetic coupling strengths are substantially different), albeit remaining crystallographically equivalent. Strong AFM J6 couplings form left-handed helices, whereas weak J6' couplings form right-handed helices along the c axis. Table 1 The structural types of NH 4 Mn(HCOO) 3 and KCo(HCOO) 3 are homeotypes, since they are very similar in mutual atomic locations in the crystal structure. From the first glance, these homeotypes crystal structure have nothing in common with that of Cr 1/3 NbS 2 , except the symmetry space group P6 3 22. The intercalation layered compound Cr 1/3 NbS 2 is two-dimensional, while the crystal structure of divalent transition metal formats [27] [28] [29] is three-dimensional and chiral. In the crystal structure of Cr 1/3 NbS 2 , magnetic Cr 3+ atoms are located ordered in octahedral voids between S-Nb-S sandwich layers. CrS 6 octahedra are not linked to each other. The In spite of apparent difference, magnetic ions have similar mutual location in these three structural types: Cr 1/3 NbS 2 , NH 4 Mn(HCOO) 3 , and KCo(HCOO) 3 . In the space group P6 3 22, Cr and Mn ions occupy the same fixed positions (2c: 1/3, 2/3, 1/4) in the structural types Cr 1/3 NbS 2 and NH 4 Mn(HCOO) 3 . In the structural type KCo(HCOO) 3 , the position of Co ions (2d: 1/3, 2/3, 3/4) are different in just displacement by ½ along the c axis. Besides, magnetic ions have the identical octahedral coordination (MnO 6 , CoO 6 , and CrS 6 ). The crystal lattices of magnetic Cr 3+ ions in Cr 1/3 NbS 2 and M 2+ in the structural types NH 4 Mn(HCOO) 3 and KCo(HCOO) 3 comprise flat triangular planes parallel to the ab plane (Fig. 2a, b) . The triangular planes are located one above another at a distance of с/2 with displacements by а/3 and b/3. The crystal lattice of magnetic M 2+ ions, just like that of Cr 3+ ions, can be represented as two identical sublattices embedded into each other: the first one is formed by ions in trigonal prisms vertices, the other oneby ions in centers (Fig. 2c, e) .
The metal formates [NH 4 ][M(HCOO) 3 ] (M 2+ = Mn, Fe, Co, Ni) undergo a transition from the P6 3 22 (N182) to the P6 3 (N173) phase (Fig. 1b, 2b ) [28] . Our analysis of the structural data [28] demonstrates that ammonium ions ordering (Fig. 3a) during such a transition is accompanied by just insignificant displacements in the magnetic sublattice, whose importance will be examined below, and slight distortion of MO 6 octahedra (Fig. 3b) (Fig. 1) and J5 magnetic couplings (Fig. 6a, b) , respectively, and r O2-/r S2-= 0.76). In the following section will describe the result of integrated effect of the above factors on formation of the magnetic structure of the metal formats under study. 3 Although magnetic properties of the discussed metalformate frameworks have been studied rather comprehensively, however nobody has yet been studied the shape of magnetic lattices of these compounds at changes of the strength of the external magnetic field, as was done in experiments with the chiral magnet Cr 1/3 NbS 2 [4] .
Magnetic properties metal formates
On the other hand, G.-Ch. Xu et al. [28] showed that magnetic and electric orderings coexisted in the magnetic members of the family of [NH 4 ][M(HCOO) 3 ], and this could be expected for a new class of metal-organic multiferroics.
The above conclusion was grounded by the fact that these materials underwent a ferroelectric phase transition from the P6 3 22 to the P6 3 phase between 191 and 254 K. This transition is associated with ordering of ammonium cations and their displacement within the framework channels combined with spin-canted AFM ordering within 8-30 K. The formation of 6 polar NH 4 tetrahedra occurs in three channels (two per channel) within the unit cell, four in the same direction (00-1) and two in the opposite one (001) (Fig. 3a) . Since the dipole moments of these tetrahedra do not compensate each other, there exists a polarization with the с axis as the polarization one.
According to refs. [27] [28] [29] , metal-formate frameworks display weak ferromagnetism in the lowtemperature region. The ferroelectric nature of the structural phase transitions in ammonium metal formates was corroborated [33] by high-resolution micro-Brillouin scattering. The main role of ammonium cations in the mechanism of phase transition from the P6 3 3 . It was established that the P6 3 22 phase of KCo(HCOO) 3 was the kinetic metastable phase, while the C2/c phase was the thermodynamic stable one. In the solid state, the hexagonal polymorph is irreversibly transformed to the monoclinic polymorph very slowly at ambient conditions. The solid state phase transition could be completed in one month at room temperature. However, when the sample of the P6 3 22 phase was kept at -18 °C in a refrigerator, the transformation became very slow. It was accompanied by an increase of the crystal density and a change of the coordination mode of some formates from anti-anti to syn-anti (Fig. 5c, d ). The achiral (monoclinic) polymorph is an antiferromagnet (T N = 2.0 K). 3 3 , and Cr 1/3 NbS 2 caused by their crystal structures and compositions, we will examine the crystal lattice of magnetic ions M in this compounds as two identical sublattices embedded into each other: the first one is formed by ions in trigonal prisms vertices, the other oneby ions in centers (Fig. 2c, e) . In the lattice, one can single out elementary fragments in the form of triangular centered M 7 prism (Fig. 2d, f) .
Results and discussion
Chiral polarization of the magnetic system of hexagonal metal formates [NH 4 ][M(HCOO)
According to our calculations (Table 1) , the crystal structures of both P6 3 22 and P6 3 phases of metal-formate frameworks cause as early as at room temperature the existence of weak J1 1 (J1 1 = -0.0002-0.0018 Ǻ -1 , d(M-M) = 7.209-7.399 Ǻ) couplings along triangles sides in triangular planes parallel to the ab plane (Fig. 2a, b and 4 ; Table 1 ). This ensures the quasi-one-dimensional character of the metal formates magnetic system, whereas the emergence of quasi-one-dimensional structure in Cr 1/3 NbS 2 requires extra displacements of S 2-ions that are possible upon temperature reduction. According to our calculations [21] , at room temperature both couplings (AFM J6 and AFM J1 1 ) in Cr 1/3 NbS 2 are strong (J6/J1 1 = 0.77). However, the AFM J1 1 coupling is unstable. Two S 2-ions (Cr-S-Cr angle 122.9°) making a large contribution to the AFM component of this coupling are located near the boundary (l'/l = 1.99) of the central onethird of the local space between magnetic Cr 3+ ions (Fig.  4a ) and, therefore, near the critical position "c" (l' n /l n = 2) [23, 24] . An insignificant displacement (by 0.006 Å along the a or b axis from the center in parallel to the Cr-Cr bond line) of S 2-ions at the temperature decrease induces a dramatic decrease of the strength of AFM J1 1 couplings (J6/J1 1 = 10.07), weakens the frustration, and transforms the magnetic system of Cr 1/3 NbS 2 into a quasi-onedimensional one. The triangular planes of both P6 3 22 and P6 3 phases of metal-formate frameworks contain two more (J1 2 and J4) couplings (Fig. 2a, b) ), which are ferromagnetic and do not compete with FM J1 1 couplings. The next-nearest-neighbor J1 2 couplings in linear chains along the triangles sides are 3-5-fold weaker than the J6 couplings, while the J4 couplings are as weak as the J1 1 ones. Thus, all the couplings in triangular planes of metal-formates are weak ferromagnetic.
Ferromagnetic orientation of spins in each triangular plane and antiferromagnetic one of neighboring planes (in opposite directions) in both P6 3 22 and P6 3 phases are predetermined by antiferromagnetic J2, J3, and J5 couplings (Table 1 ) between neighboring planes (Fig. 5,  6a, b) .
The strength of AFM J2 couplings between the nearest neighboring M 2+ ions is significantly higher than that of respective couplings in Cr 1/3 NbS 2 . The latter occurs due to extra entering of the carbon atom from the bridging HCOO -group, which makes a large contribution to the interaction AFM component, into the central onethird of the local space of the J2 coupling (Fig. 5a, b, c) . This contribution is especially large for metal-formates of Ni 2+ and Co 2+ (J6/J2 = 1.4-1.6) with small magnetic ion radii, but it decreases along with the magnetic ion size increase (J6/J2 = 1.9-3.3 for Fe 2+ and Mn 2+ ) ( Table 1 ). Note that, aside from the location of the intermediate ion in the local space, its contribution into the formation of magnetic coupling is determined by this ion size. For the calculation, we selected the radius of the carbon ion equal to its covalent radius in sp 2 -hybridization. Unfortunately, we have not managed to find in the literature experimental data that could be compared to those obtained using our method, in order to estimate the correctness of this radius use. If one decreases the size of the carbon atom, its contribution to the AFM component of the J2 coupling will decrease accordingly. The interplane J3 and J5 couplings in metal-formates (J6/J3 = 9.09-15. Competition is here provided by dominating AFM left-handed J6 helices along the с axis ( Table 1 ). The lefthanded spin helices in both P6 3 22 and P6 3 phases of metal-formate frameworks, just like in Cr 1/3 NbS 2 , are formed from dominating in force couplings between triangular planes of magnetic ions along just one of two crystallographically equivalent diagonals of side faces of embedded into each other trigonal prisms M 7 ( Fig. 2c-f ) composing crystal lattices of magnetic ions in the structural types NH 4 Mn(HCOO) 3 , NH 4 Mn(HCOO) 3 (P6 3 ), and KCo(HCOO) 3 . They comprise intertwined lefthanded AFM helices twisted along the c axis (Fig. 7a, b,  d, e) .
Contributions to the AFM component of the J6 coupling emerge under effect of 2 O 2-ions (M-O-M angles 166-170°) forming the edge of the octahedron of the magnetic ion centering the trigonal prism M 7 (Fig.  2f) . Note that carbon atoms are not included into the local sphere of J6 couplings and, therefore, do not participate in their.formation. Fig. 2d , f show the similarity of J6 couplings formation in metal-formates and Cr 1/3 NbS 2 .
The reason of chiral polarization of the magnetic system is a sharp nonequivalence (|J6/J6'| = 9-64) in the strength of crystallographically equivalent left-handed J6 (Fig. 7b ) and right-handed J6' (Fig. 7c ) magnetic helices due to noncentrosymmetric location of O 2-(S 2-в Cr 1/3 NbS 2 ) ions ( Table 1) . The magnetic J6' coupling along another crystallographically equivalent diagonal of the prism side face is significantly weaker than the AFM J6 coupling, since О 2-ions do not enter the central onethird of its local space (Fig. 2f) . Moreover, the J6' is a weak ferromagnetic one in all metal-formates, except KCo(HCOO) 3 , in which it is weak antiferromagnetic.
To sum up, we obtain the following picture of ordering of FM triangular planes along the с axis under effect of strong helical AFM J6 couplings. They turn spins in sublattices to the opposite direction and double the magnetic lattice с parameter. As a result, the magnetic ordering of FM triangular planes along the с axis becomes like ↑↑↓↓, i.e., each block of two neighboring triangular planes is oriented ferromagnetically, while blocks themselves are ordered according to the AFM type (Fig. 7a, d ). If one formally combines the strengths of interplane J2, J5, J3, J c , and J6 couplings taking into account their sign (spin direction + or -) in respective plane and multiplicities (multiplicities of J2, J3, and J6 are equal to 6, those of J5 and J c are equal to 12 and 2, respectively), their sum ( ∑ J* = J*2 + 2J*5 + J*3 + J* c /3 + J*6) will change along the с axis between planes. During the ∑ J* calculation, the J6' value was not taken into account due to its small value, whereas the average value of a certain type of Jn couplings was used for the P6 3 phase. Changes in the sum of interplane couplings ( ∑ J*) orienting magnetic moments of individual planes along the с axis are shown in 3 one observes the strongest effect of chiral J6 couplings, since after combining all the couplings ordering of triangular FM planes along the с axis is preserved in them in the form: ↑↑↓↓. Based on the above, one could assume that the probability of emergence of solitons in them was higher than in metal- formate with M 2+ = Ni 2+ and Co
2+
, in which after combining ordering of planes along the с axis acquires the form: ↑↓↑↓. This occurs because of the increased strength of J2 couplings in these compounds, and the combined effect of J2, J3, and J5 couplings between neighboring planes effectively competes with those in chiral helices. However, as was shown above, if one uses smaller radius of the carbon atom in J2 couplings calculation, its contribution to the AFM component of the J2 coupling decreases accordingly, and, therefore, its competition with the chiral J6 coupling becomes weaker. Thus, changes in the sum of strengths of interplane couplings (∑J*) orienting magnetic moments along the с axis shows that thedirection of spins, while remaining the same for ions of the same plane, changes between planes with a periodicity in 4 planes in all the examined metalformates and Cr 1/3 NbS 2 . In spite of the formal character of this approach, it illustrates in a simplified form the possibility of origination of a superstructure, which, according to Dzyaloshinskii [35] , could emerge in a system composed of two sublattices with opposite spins and superposition of pulsation (in this case in the form of J6 couplings) having a large period. Under effect of relativistic forces, the value of the superstructure period can be multiply increased.
Interrelation between chiral polarization of crystalline and magnetic structures in KCo(HCOO) 3
In the course of transition of KCo(HCOO) 3 [29] from the metastable noncentrosymmetric hexagonal P6 3 22 phase to the stable centrosymmetric monoclinic C2/c phase, one observes the displacement of triangular planes of Co 2+ ions located in parallel to the ab plane relatively to each other ( Fig. 8a-d (Fig. 8a-b) . The transformation to an achiral C2/c phase ( Fig. 8c-d This transformation from chiral to achiral polymorph of K[Co(HCOO) 3 ] does not virtually affect the parameters of magnetic couplings in planes parallel to the ab plane ( Fig. 2a and 9a As was shown above, in the quasi-one-dimensional chiral polymorph of KCo(HCOO) 3 (Fig. 5c ) are dominating, which transforms the polymorph magnetic structure into the achiral three-dimensional AFM one (Fig. 6c, 9b-c) . A substantial AFM contribution to J2 1 1 couplings (Fig. 5d ) is provided by the O1 ion (j O1 = -0.0814 Ǻ -1 , Co-O1-Co angle 168.63º) from the syn-anti bridging HCOO -group, whereas the С1 ion, in opposite, contributes to the FM component of this interaction (j C1 = 0.0291 Ǻ -1 , Co-C1-Co angle134.15º), thus reducing the strength of the AFM coupling. The antiferromagnetic J2 1 2 coupling (Fig. 5c) (Fig. 9b-c) that are comparatively strong AFM ones. To sum up, we demonstrated similarity and differences of metastable and stable phases of K[Co(HCOO) 3 + ion can be considered as stabilization [36, 37] of the chiral magnetic soliton and the chirality of the crystal structure (anti-anti coordination mode of formates).
Conclusions and summary
The search of potential magnetic solitons similar to Cr 1/3 NbS 2 in the ICSD database has been performed among magnetic compounds crystallizing in the noncentrosymmetric hexagonal space group P6 3 According to our calculations, the magnetic structure of these metal formates, just like that of the chiral soliton Cr 1/3 NbS 2 , is formed by dominating left-handed spin helices between triangular planes of magnetic ions through the plane of just one of two crystallographically equivalent diagonals of side faces of embedded into each other trigonal prisms building up the crystal lattice of magnetic ions. These helices are oriented along the с axis and packed into two-dimensional triangular lattices in planes perpendicular to these helices directions and lay one upon each other with a displacement. The magnetic ordering of triangular planes along the с axis under effect of strong helical AFM J6 couplings could have the form: ↑↑↓↓. However, the existing competition of these AFM helical chains with AFM interactions between neighboring planes in the structure indicate to the possibility of origination of a superstructure.
Formation of the chiral magnetic soliton lattice in metal formates [NH 4 3 ], KCo(HCOO) 3 , and Cr 1/3 NbS 2 must be the magnetic one -formation of chiral magnetic soliton lattice. Activation of DM forces in [NH 4 ][M(HCOO)] 3 must occur at higher temperature than in KCo(HCOO) 3 and Cr 1/3 NbS 2 , since the ordering of NH 4 + ions and the transition from the P6 3 22 phase to the P6 3 one disrupts centrosymmetric character of the magnetic ions sublattice. Besides, the quasi-onedimensional character of the metal formates magnetic system is determined by the crystal structure as early as at room temperature, unlike Cr 1/3 NbS 2 , in which strength domination of chiral spin helices can be attained only through temperature decrease.
The metastable polymorph KCo(HCOO) 3 with the existing, according to our calculations, interrelation between chiral polarization of crystalline and magnetic structures appears to be very interesting from the theoretical point of view. Disruption of the structural chirality (change of the coordination mode of some formates from anti-anti to syn-anti) in this polymorph is accompanied by disruption of the spin chirality (transformation of 1-D chiral helimagnet into 3-D antiferromagnet). According to Ref. 29 , this process of transformation of the crystal structure of K[Co(HCOO) 3 ] from chiral to achiral polymorph is irreversible under normal conditions without the impact of magnetic field. It is important to perform experimental studies in order to understand: Is magnetic field capable to induce the formation of the chiral magnetic soliton lattice in KCo(HCOO) 3 , which would be accompanied with displacements of atoms transforming the achiral crystal structure into the chiral one? In other words: The reversible transition achiral-chiral polarization of crystalline and magnetic structures in the metastable polymorph KCo(HCOO) 3 is possible under effect of magnetic field or not? As a rule, the area of stability of metastable phases is characterized by temperature and pressure [40] . In this case, we consider magnetic phases under effect of not only temperature and pressure, but also of the external magnetic field. So we believe it would be reasonable to introduce one more parameter characterizing the magnetic field in the course of examining metastable magnetic phases.
To sum up, we characterized simple in composition, but very interesting objects -metal-formate frameworks of [NH 4 ][M(HCOO) 3 ] with M 2+ = Mn, Fe, Co, and Ni and KCo(HCOO) 3 . Experimental studies of the dynamics of transformation of chiral helimagnetic structure in magnetic fields and investigation of multiferroics and magnetoelectric effects will enable to evaluate the possibility of using these potential chiral spin solitons in spintronics.
